Circulating endothelial progenitor cells (EPCs) are incorporated into foci of neovascularization where they undergo differentiation to mature endothelial cells (ECs). We show here that the enzyme sphingosine kinase-1 (SK-1) regulates the rate and direction of EPC differentiation without effect on the hematopoietic compartment. EPCs have high levels of SK-1 activity, which diminishes with differentiation and is, at least partially, responsible for maintaining their EPC phenotype.
Introduction
Endothelial progenitor cells (EPCs) functionally contribute to vasculogenesis during wound healing, 1 recovery from limb ischemia, 2,3 postmyocardial infarction, 4 ,5 tumorigenesis, 6 and endothelialization of vascular grafts. 7, 8 Circulating EPCs can be derived from several possible sources. They can be mobilized from their bone marrow (BM) niche and into the circulation in response to pathologic changes induced as a result of, for example, tissue hypoxia, vascular injury, and exercise. 9 These insults result in the enhanced production of "mobilizing" cytokines into the circulation and include factors, such as vascular endothelial growth factor (VEGF), erythropoietin (EPO), as well as stromal-derived factor-1 (SDF-1). Their action results in enhanced numbers of EPCs in the circulation and their sequestration at sites of injury. 9 EPCs can also be derived from mature endothelial cells (ECs), which are forced to dedifferentiate. 10 More recently, studies suggest that EPC transplantation induces humoral effects, which are sustained by host tissues and play a critical role in repairing vascular injury. 11 Despite these advances, key questions in this area of stem and progenitor cell research remain and pertain to the process, directionality, and rate of differentiation.
The isolation and definition of EPCs rely on the combination of properties rather than any single marker. For example, EPCs express high levels of CD34, CD133, and VEGFR2 and, as they differentiate, the expression of these markers is down-regulated and the mature EC markers, such as CD31 (PECAM-1), VEcadherin, von Willebrand factor (VWF), endothelial nitric oxide synthase (eNOS), and E-selectin are up-regulated. EPCs have a weak ability to take up acetylated low-density lipoprotein (Ac-LDL) and are unable to form capillary tubes in Matrigel. However, on differentiation, Ac-LDL uptake and the capacity to generate capillary tubes are increased together with the ability to form mature cell-cell junctions. [12] [13] [14] Circulating EPCs, in addition, are able to survive in the circulation, unattached to any underlying matrix and in the absence of locally elaborated growth factors. 15 This is in sharp contrast to mature ECs, which are totally dependent on attachment to an extracellular matrix and to the survival effects of matrix bound growth factors. 16, 17 Although phenotypic and functional differences between EPCs and ECs are emerging, this system lags behind others, such as the hematopoietic system where the key regulatory molecules that control differentiation have been identified.
Sphingosine kinase (SK) is a highly conserved lipid kinase that catalyzes the phosphorylation of sphingosine to form sphingosine-1-phosphate (S1P), which has been implicated in regulating EC function in vitro and in vivo. 18, 19 Two isoforms of mammalian SK (SK-1 and SK-2) have been cloned and characterized, 20 but SK-1 has been the major isoform implicated in ECs. 18, 21, 22 SK-1 has 2 states: the basal state containing intrinsic catalytic activity, which has been proposed to fulfill a housekeeping role, 23 and the activated state, which involves additional production of S1P via the phosphorylation at serine 225. 24 There are 5 membrane-localized G protein-coupled receptors for S1P (S1P [1] [2] [3] [4] [5] ), which display selective tissue distribution and after ligand binding result in the activation of different downstream signaling cascades. 25 There is also increasing evidence to suggest that S1P functions not only as a ligand for its surface receptors, but also as an intracellular second messenger, through unidentified intracellular targets 26, 27 and may be regulated by changes in intracellular levels of sphingosine. 28 In addition, SK-1 itself may be involved in signaling primarily through protein-protein interactions. 29 A role for SK/S1P in progenitor cells is beginning to emerge 30 with (1) S1P stimulating myogenic differentiation 31 and (2) coincubation of S1P and platelet-derived growth factor in a serum-free culture medium successfully maintaining human embryonic stem cells in an undifferentiated state. 32 Previous work from our laboratory has suggested that chronic overexpression of SK-1 in human umbilical vein endothelial cells (HUVECs) induces some characteristics of EPCs in that they show enhanced survival under growth factor and serum-free conditions and independent of extracellular matrix attachments. 22 These observations suggested that SK-1 might be an important regulator of key aspects of the differentiation of EPCs to ECs. Based on these observations, we used genetically modified mice to investigate whether the regulation of SK-1 is a critical determinant in the EC differentiation pathway. Herein we demonstrate that when SK-1 levels are reduced, EPC mobilization of the bone marrow is increased, and the rate of EC differentiation is hastened.
Methods
Further details for all assays are provided in Document S1 (available on the Blood website; see the Supplemental Materials link at the top of the online article).
Mouse progenitor cell isolation, culture, and colony-forming assay
Whole BM cells were obtained by flushing femurs and tibiae as previously described. 33 EPCs were identified as those from isolated BM cells that adhered within 24 hours after seeding, 33, 34 and colonies formed in both complete and S1P-depleted culture media were assessed periodically after seeding. Soft agar colonies and adherent EC units are defined as a cell mass composed of a central cord of round cells with elongated spindle-shaped cells sprouting at the periphery. Pure progenitor cells (Lin Ϫ /c-kit ϩ ) were isolated from murine BM using the Miltenyi Biotec (Bergisch Gladbach, Germany) magnetic cell sorting kit as previously described. 33, 35 Briefly, BM cells were collected as described in this paragraph and microbeads precoated with "Lineage" (CD5, CD45R, CD11b, anti-Gr-1, 7-4, and Ter119) or c-kit antibodies were used for cell purification.
Measurement of S1P
S1P levels were measured using fluorescence derivatization followed by high-performance liquid chromatography, as described previously. 36 
Matrigel tubule assay
As previously described, 37 10 mg Matrigel (BD Biosciences, San Jose, CA) was added to a precooled 96-well plate (100 L/well) and incubated at 37°C for 30 minutes. A cell suspension of 4 ϫ 10 4 cells/ well was seeded and monitored regularly using an inverted IX70 microscope 10ϫ/0.3 NA objective, an S15 F view camera, and Analysis Life Sciences software (Olympus).
Measurement of cell proliferation
The number of living cells was measured [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay (Celltiter 96 Aqueous One solution cell proliferation assay; Promega, Madison, WI).
Attachment and migration assays
WT and SK-1-KO BM cells grown for 6 days were seeded at 10 4 cells/ 100 L into a 96-well fibronectin-coated plate for 60 minutes (for adhesion) or onto Transwells (for migration).
Acetylated-LDL labeled with Dio-Ac-LDL uptake 3,3Ј-dioctadecyloxacarbocyanine perchlorate (Dio-Ac-LDL; Biomedical Technologies, Stoughton, MA) was incubated at 10 g/mL with the cells at 37°C for 4 hours. Cells were then detached using 1% trypsin/1.1 mM ethylenediaminetetraacetic acid, and the fluorescence intensity was determined by flow cytometry.
RNA isolation and quantitative reverse transcriptase PCR analysis
Total RNA or mRNA was extracted using either RNeasy mini kit (QIAGEN, Valencia, CA) or MACS column with oligo(dT) microbeads, respectively (Miltenyi Biotec), according to the manufacturer's instructions.
Adenovirus infection
Generation of wild-type (WT) human SK-1, FLAG, and GFP tagged versions and mutants possessing an alanine mutation at serine 225 (SK-1 S225A ) or an aspartate at glycine 82 (SK1 G82D ) have been made as previously described. 23, 24, 38 SK-1 activity assay SK-1 activity was determined as previously described 39 using D-erythro sphingosine (BIOMOL International, Plymouth Meeting, PA) solubilized by Triton X-100 and [␥ 32 P]ATP (PerkinElmer Life and Analytical Sciences, Melbourne, Australia) as substrates.
EPC mobilization using erythropoietin
Mice were injected intraperitoneally with 1000 IU/kg recombinant human EPO (Eprex2000; Janssen-Cilag Australia, North Ryde, Australia) every day for 3 days before cardiac puncture 40 and Lin Ϫ /c-kit ϩ cell isolation as detailed in "Mouse progenitor cell isolation, culture, and colony-forming assay." All experimental procedures involving animals were approved by the Human and Animal Ethic Committee of the Institute of Medical and Veterinary Science and conform to the guidelines established by the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes.
Kidney ischemia reperfusion injury
Anesthetized mice (n ϭ 6 per group) were incised (1.0-cm-long midline abdominal incision) and ischemia induced by applying a nontraumatic vascular clamp to the left renal pedicle for 30 minutes, during which time the wound was covered with phosphate-buffered saline (PBS)-soaked sterile cotton. After clamp removal, the left kidney was inspected for restoration of blood flow and the wound was closed in 2 layers with 0.05 mL of 1 mg/mL butorphanol tartrate (Intervet, Bendigo East, Australia) administered subcutaneously for postoperative pain management. The animals were killed 24 hours after reperfusion, at which time plasma was collected and the left and right kidneys harvested for morphologic, immunohistochemical, and mRNA analyses. Carboxyfluorescein succinimidyl ester (CFSE)-labeled EPCs (10 M, 30 min; Invitrogen) were injected in the tail vein at 10 7 /mouse immediately after ischemia optimal cutting temperature (OCT)-frozen kidney sections were stained for CD31 and cell nuclei using antibodies against CD31 (BD Biosciences) and 4,6-diamidino-2-phenylindole (DAPI; Roche, Basel, Switzerland) as per the manufacturer's instructions. Sections were analyzed using a Zeiss-Apotome Microscope and Axiovision, version 4.6.3 computer software (Carl Zeiss, Jena, Germany). 
Results

Phenotype, morphology, and function of BM-derived EC colonies
To determine whether SK-1 is involved in EC differentiation, we used SK-1 knockout mice and compared their capacity to produce mature ECs. BM cells were cultured with VEGF and fibroblast growth factor on fibronectin-coated plates, to promote the vascular endothelial lineage. 33 Cells were cultured in charcoal-stripped serum (CS-FCS) where high-performance liquid chromatography confirmed a more than 90% reduction in S1P levels. Levels in undiluted FCS were 473 (Ϯ 38) nM and in CS-FCS 37 (Ϯ 5) nM. Because serum was used at a final concentration of 20%, the cells were being grown in approximately 7 nM S1P. Figure 1 demonstrates that 10-day cultured BM cells from WT and SK-1-KO mice exhibit typical EC characteristics. They showed the typical structure of adherent EC units (ECU) with a cluster of round cells on top of the spindle-shaped adherent cells that emerge from the base ( Figure 1A ). When the adherent ECU were replated, they were capable of forming a compact monolayer, they expressed the endothelial specific marker VE-cadherin ( Figure  1B and C, respectively), and they were able to form capillary-like tubes in a 3-dimensional Matrigel assay 2 ( Figure 1D ). The cells are positive for CD34, c-kit, sca-1, Flk-1, CD133, CD146, CD31, eNOS, VWF, Tie2, CXCR2, CXCR4, ␣ 5 -integrin, ␤ 1 -integrin, CD45, and CD11b surface antigen, they were CD14 low and negative for CD105 and CD90 (data not shown). There was no difference in levels of expression of these antigens between the cells derived from WT and SK-1-KO BM. These cells were also negative for smooth muscle actin-alpha (data not shown), thereby negating the possibility of stromal cell and smooth muscle cell contamination. These results suggest that, when cultured under these conditions, both WT-and SK-1-KO-derived BM cells develop a mature EC-like phenotype. However, in contrast to these similarities, BM cells from SK-1-KO mice formed twice as many ECU within 7 days than WT cells with a time course revealing these differences to be significant within 2 days of culture ( Figure 1E ).
Reduced SK-1 does not affect hematopoietic colony formation
Because BM cells also contain hematopoietic progenitor cells, we investigated whether SK-1 influences their differentiation. BM cells from WT and SK-1-KO mice were cultured in soft agar medium containing CS-FCS and a cocktail of growth factors and cytokines suitable for the expansion of myeloid, hematopoietic, and erythroid lineages. 41 After 7 and 14 days of culture, the number, size, and type of colonies were counted. As shown in Table  1 , similar numbers of colonies were obtained from the WT and SK-1 KO BM cells irrespective of the cocktail used. This correlated with similarities in the proportions of small, medium, and large colony sizes as well as similar numbers of neutrophils, macrophage, and mixed colonies as determined by tri-staining (data not shown). Thus, SK-1 expression appears to selectively regulate the EC lineage and not the hematopoietic compartment.
Cell proliferation is regulated by SK-1
There is generally an inverse relationship between differentiation and cell proliferation. We therefore examined WT and SK-1-KO BM cell accumulation on fibronectin-coated plates using the MTS cell viability assay. As shown in Figure 2 , a significant reduction in SK-1-KO BM cells was observed within 48 hours of culture. 
Role for intracellular SK-1/S1P during EC maturation
The increase in the number of ECU derived from SK-1 knockout BM cells is probably not the result of exogenous S1P based on several different experimental approaches. First, in "add-back" experiments, when SK-1-KO BM cells were grown in "normal" FCS (ie, not charcoal stripped), they still showed significantly higher ECU compared with WT ( Figure 3A ). CS-FCS slightly, but not significantly, enhanced ECU formation in all cell types ( Figure  3A ). SK-1-KO cells cultured with 1 M S1P, a concentration known to result in receptor-mediated signaling events, 18 exhibited no change in ECU ( Figure 3B ). Chemical inhibition of the 3 S1P receptors identified on ECs (ie, S1P 1 , S1P 2 , and S1P 3 ) 42 using pertussis toxin, JTE-013, and VPC23019, inhibits S1P-induced SK activity on HUVECs ( Figure S1 ) but failed to alter the number of WT ECU ( Figure 3B ). Finally, analysis of the S1P receptors by quantitative RT-PCR showed that S1P 1 and S1P 2 mRNA, although readily detectable in the mixed population of freshly isolated BM cells ( Figure 3C ), is low to undetected in day 3 cultured early EPCs and are up-regulated on mature 10-day cultured ECs ( Figure  3C ,D). S1P 3 mRNA was below our level of detection at all time points investigated for both groups (data not shown). Although the current lack of antibodies to murine S1P receptors prevents investigation of their surface expression, our results recapitulate previously published data of receptor expression on progenitor cells. 43 
Enhanced EC differentiation in SK-1 null mice
Increased ECU numbers generated by SK-1-KO BM cells could be the result of either a higher number of progenitor cells within the BM or a greater tendency of these cells to differentiate. As shown in Figure 4A , the number of purified Lin Ϫ /c-kit ϩ progenitors isolated from 6.5 ϫ 10 7 BM cells was equivalent between WT and SK-1 KO populations. The Lin Ϫ /c-kit ϩ /flk ϩ endothelial progenitors were also equivalent between the 2 groups, with an average of 1.0 ϫ 10 4 and 0.9 ϫ 10 4 cells isolated from the WT and SK-1-KO BM cells, respectively. The increase in ECU without differences in the number of Lin Ϫ /c-kit ϩ /flk ϩ progenitors suggests that the differentiation step may be hastened in SK-1-KO BM cells. When EPCs differentiate into mature ECs, their ability to take up Ac-LDL increases. 12,44 BM cells were assessed for Ac-LDL uptake on days 3 and 9 of culture. As shown in Figure 4B , the percentage 
Data are mean CFU plus or minus SEM from 9 mice per group. WT indicates wild-type; and BM, bone marrow. of SK-1-KO BM cells taking up Ac-LDL at day 3 of culture was significantly greater than that of WT BM cells and was maintained over time. As Ac-LDL can also be taken up by myeloid cells, 44 we double-stained with the EC marker VEcadherin to demonstrate a more than 95% population of Ac-LDL ϩ /VE-cadherin ϩ cells (data not shown).
Further evidence for an enhanced rate of differentiation was identified in Sca-1 surface protein levels, which were significantly reduced in SK-1-KO cells and VE-cadherin mRNA levels, which were significantly greater in the SK-1-KO cells ( Figure 4D ). EPC differentiation depends on adhesion. There was a 25% (Ϯ 5%) increase in SK-1-KO cell adhesion to fibronectin compared with WT cell adhesion ( Figure S2 ), but the cells exhibit no differences in migration to VEGF (data not shown). On Matrigel, both WT and SK-1-KO BM cells (previously cultured for 6 days on fibronectin) exhibited the cellular alignment essential for tubule development. However, after 30 hours, the SK-1-KO formed more tubes than the WT cells, and these tended to break down very early ( Figure 4E ). Cells from both WT and SK-1 KO mice cultured for 3 days were unable to form tubes (suggesting EC immaturity), and 10-day cultured cells from the WT and SK-1 KO mice formed similar numbers of tubes (suggesting an equivalent stage of EC maturation, Figure 2 ). Together, these results support the possibility that SK-1 may regulate the rate of EPC differentiation.
SK-1 activity decreases with EC development
The data suggest that low SK-1 levels are associated with EC differentiation and that SK-1 activity may decrease as EPCs differentiate into mature ECs. The SK-1 activity in these cells was determined in the presence of Triton X-100, which largely inhibits SK-2 activity. 45 When cultured for 9 days, WT BM cells exhibit a 78% (Ϯ 8%) reduction in SK activity ( Figure S3 ) with differentiation. In mature ECs, this level, although low, is always significantly above background. The SK-1 activity in SK-1-KO BM cells was small, although above control levels, and probably the result of SK-2 activity.
Manipulation of SK-1 in mBM cells alters EC development
If SK-1 regulates EC differentiation, then we would expect exogenous manipulation of SK-1 levels to impact on ECU formation and differentiation. Using ECU as the readout assay for EC differentiation, we first determined whether the SK-1-KO BM cell phenotype could be reversed by the reintroduction of SK-1 using adenovirus. As shown in Figure 5A , within 48 hours of the WT SK-1 cDNA being reintroduced into the SK-1 KO cells (SK-1-KO SK ), SK activity returned to normal levels (1.3 Ϯ 0.4) and was correlated with a 50% reduction in ECU formation compared with empty vector control (SK-1-KO EV ). Second, we investigated transgenic mice (SK-1-Tg), which overexpress SK-1 in the EC compartment via the Tie2 promoter/enhancer and exhibited an increase in SK activity (1.8 Ϯ 3 vs 1.0 Ϯ 0, SK-1-Tg vs WT, respectively). SK-1-Tg showed a decrease in ECU numbers compared with WT ( Figure 5B ). Third, blocking SK-1 activity in expression analysis by flow cytometry and quantitative RT-PCR, respectively. Messenger RNA results are normalized to their PPIA gene. Data are expressed as mean plus or minus SEM from 3 separate experiments for Sca-1 surface expression (at day 7 after seeding) and VE-cadherin mRNA levels (at day 10 after seeding). *P Ͻ .05, compared with WT levels on day of harvest. WT BM cells using the inhibitor SKi 46 resulted in a 60% (Ϯ 10%) reduction in SK activity as well as a significant increase in ECU formation ( Figure 5C ). Finally, FTY720, initially thought to be solely an S1P analog but recently shown to be an inhibitor of SK-1, 43 induced a 30% (Ϯ 10%) reduction in human EC SK-1 protein (data not shown) and increased ECU formation of WT BM cells ( Figure 5D ). Importantly, FTY720 did not change ECU in SK-1-KO cultures (data not shown). The ability of FTY720 to enhance EPC differentiation was further supported with the tube formation assay wherein a significant increase in tube numbers from WT BM cells cultured with FTY720 for 6 days was observed ( Figure 5E ). Taken together, these results suggest that manipulation of SK-1 results in the regulation of EC differentiation.
Intrinsic SK-1 activity may regulate EC differentiation
We have previously generated 2 mutants of SK-1 to differentiate the intrinsic activity from the activated state of this enzyme. 47 One mutant is a catalytically inactive version of SK-1 (SK-1 G82D ). 38 The other is a nonphosphorylatable mutant (SK-1 S225A ) that, although having full intrinsic catalytic activity, cannot be activated. 24 As shown in Figure 6 , overexpression of WT SK-1 in WT BM cells results in a 10-fold (Ϯ 4-fold) increase in SK activity and the expected reduction in ECU formation. Cells expressing the SK-1 G82D mutant show neither a detectable change in cellular SK activity (1 Ϯ 0 normalized U/mg protein) nor ECU formation compared with the empty vector controls. Cells expressing the SK S225A mutant increased cellular SK activity (12 Ϯ 2 normalized U/mg protein) and also decreased the formation of ECU to levels similar to that seen when WT SK-1 was overexpressed. Western blotting confirmed that transfection efficiency and protein expression were equivalent between WT and the mutants of SK-1 (data not shown). Together, these data suggest that the modulation of EC maturation is regulated through the intrinsic activity of SK and is independent of SK-1 activation via serine 225 phosphorylation.
Increased circulating EPC in SK-1-deficient mice and restitution of vascular injury
EPCs are present in the circulation and can be further mobilized from the BM on stimulation with agents, such as granulocyte colony-stimulating factor and EPO. 40, 48 Isolation of circulating Lin Ϫ /c-kit ϩ progenitor cells showed a 30% increase in the number of circulating progenitors in the SK-1-KO animals compared with WT ( Figure 7A ). Circulating Lin Ϫ /c-kit ϩ /flk-1 ϩ cells in SK-1-KO mice was 2.1 ϫ 10 4 per 10 7 WBC vs 0.3 ϫ 10 4 per 10 7 WT WBC. EPO administration for 3 consecutive days resulted in an increase in the number of circulating EPCs in WT mice. However, a further increase in circulating progenitors was mobilized from the SK-1 KO mice ( Figure 7A ). Thus, although similar numbers of progenitors exist in the BM of WT and SK-1 KO animals, the lack of SK-1 potentiates higher circulating numbers under both basal conditions and after treatment with EPO. As EPCs contribute to the restitution of vascular injury, 49 we next investigated our BM-derived EPCs in a mouse model of kidney ischemia reperfusion injury (IRI) and compared WT to SK-1-KO vascular repair 24 hours after injury. As shown in Figure  7B , when labeled with CFSE and injected intravenously into mice immediately after ischemic insult, our WT BM-derived EPCs were detected adjacent to and within the vasculature of the ischemic kidney. This is shown by the green (injected CFSE-EPCs) localized adjacent to the red (CD31)-stained vasculature and blue (DAPI) nuclear counterstain in the left panel of Figure 7B . The orange glomerulus in the right panel suggests a merged area of green and red (ie, CFSE-EPCs into the local vasculature). No CFSE-EPCs were detectable in the right contralateral control kidney (data not shown). The restitution of IRI by exogenously added EPCs was examined 24 hours after IRI using quantitative RT-PCR for 2 key markers of kidney injury, hsp70 and TLR4. 50 These markers were significantly lower in mice that received EPCs than in control WT IRI mice ( Figure 7C ). As we would predict, IRI in SK-1-KO mice, with their inherently greater numbers of circulating EPCs and propensity to release BM-derived EPCs, showed similar reductions in hsp70 and TLR4 to EPC-injected mice ( Figure 7C ).
Discussion
In the present study, we demonstrate a new mechanism for regulation of EC differentiation. The cellular level of SK, which declines with EC maturity, dictates the rate and direction of EPC/EC differentiation. Our results also suggest that it is the intracellular component of SK-1/S1P that regulates this differentiation process and that the intrinsic but not the activation state of the enzyme is critical.
The evidence for SK-1 involvement in EPC differentiation relies on SK-1 mutant mice and on genetic and pharmacologic regulation of SK-1. Important in our proposal of SK-1 activity regulating EC differentiation is that: (1) immature EPCs have high SK-1 activity levels, which decrease on differentiation; and (2) exogenous manipulation of SK-1 activity levels influences EPC maturation. Knockdown of SK-1 in WT EPCs by a functional inhibitor of SK (SKi) 46 and also by FTY720, a drug that has recently been shown to inhibit SK-1, but not SK-2, function, 43 recapitulates the phenotype seen with cells from the SK-1 knockout animals. Moreover, reinsertion of SK-1 cDNA in cells from the knockout animals rescues their differentiation to levels similar to that seen in normal cells. In addition, we observed a reversal of phenotype, where retarded EPC differentiation occurred from transgenic animals overexpressing SK-1 in the EC compartment. The regulation in the rate of differentiation by SK-1 was reflected in steady state and stimulated circulating endothelial progenitor cell (Lin Ϫ /ckit ϩ /flk-1 ϩ ) number. The progenitor cells were significantly greater in the circulation of the SK-1 KO mice and were further amplified after mobilization with EPO. The use of EPO is of therapeutic interest for ischemic injury as it is associated with tissue protective effects through activation of EPO receptorrelated antiapoptotic pathways, for example, PI3K/Akt 51 as well as neovascularization of the ischemic tissue. 52 This neovascularization occurs primarily via the CXCR4/SDF-1 axis, which is the key cellular anchor within the BM microenvironment and a pivotal element of EPC mobilization and homing. 52, 53 Interestingly, the WT and SK-1-KO groups showed no difference in either the number of Lin Ϫ /ckit ϩ /flk-1 ϩ cells in the BM or their capabilities to migrate toward VEGF. These results highlight the possibility that SK-1 acts as a rheostat for determining numbers of EPCs in the circulation and their differentiation to ECs. This directive of differentiation is supported by SK-1 regulation of cell cycle, as we and others observe that reduced SK-1 retards cell proliferation, probably via an increase in the G 0 /G 1 population and concomitant decrease in S-phase population. 54 This system of regulation would seem especially suited to the bidirectional differentiation in the endothelial system, which also allows dedifferentiation from ECs back into EPCs. 10 Indeed, preliminary work by us in HUVECs suggests that overexpression of SK-1 can also influence the human EPC/EC pathway of differentiation with a significant increase in CD34 and VEGFR-2 expression ( Figure S4 ). With the possible exception of monocyte-macrophage, this bidirectionality is absent from the hematopoietic system; correspondingly, SK-1 does not appear to play a role. Thus, modulation of SK-1 activity could be therapeutically beneficial in the attempt to specifically alter the EC compartment.
The mechanism whereby SK-1 works was also examined. SK-1 has 2 functional states 24, 55 : one is the intrinsic or basal catalytic activity, which is independent of posttranslational modifications; and the other an extrinsic or agonist-induced activation, which involves the phosphorylation of serine 225 and translocation to the plasma membrane for its oncogenic function. 55 The regulation of the rate of mEPC to EC differentiation is reliant on the intrinsic or basal activity of SK-1, demonstrated in 2 ways. First, whereas overexpression of WT SK-1 in WT and the SK-1-Tg BM-derived EPCs inhibited ECU formation, the catalytically inactive G82D SK-1 mutant failed to alter ECU number. Overexpression of the S225A SK-1 mutant, which has full basal activity but is incapable of being activated, inhibited ECU formation. Second, it is probable that SK (or its bioactive metabolite) acts intracellularly as we show that the S1P 1-3 receptors are not involved in the rate of EPC differentiation. Notably, S1P 1-5 appear to be involved in the earliest stages of vascular development 56 and have a range of effects in embryonic stem cell and myogenic differentiation that appear quite cell type-specific. 31, 57 Our results here demonstrate that, together with regulation of EC permeability, 58 the basal/intrinsic activity of this enzyme acts intracellularly to control EPC differentiation. At present, the mechanism underlying this regulation of differentiation is unknown.
Our results with FTY720 are particularly interesting because this molecule is in clinical trials (with success in phase 3 for treatment of multiple sclerosis 59 ). Although the mechanism of action of FTY720 was initially thought to center on its phosphorylated form acting on S1P receptors, it is now evident that its unphosphorylated form also activates PP2A and inhibits SK-1. 43 High concentrations (Ͼ 1 M) promote the apoptosis of cells (including leukemic cells 60 and fibroblasts 61 ) and lower concentrations (Ͻ 1 M) promote pluripotent hematopoietic stem and progenitor cell survival and proliferation 62 and fibroblast differentiation. 61 Because phosphorylation of FTY720 is not needed, at least for some of these effects, the mechanism is not through S1P receptors. Here, administration of FTY720 at 100 nM significantly enhanced EPC differentiation without compromising the survival of EPCs or ECs (C.S.B., unpublished observations, June 2008). Because our effects also do not involve S1P receptors and the effects take place at lower doses, the probable mechanism of FTY720 is the inhibition of SK-1. Together, these observations raise the possibility that some of the clinical benefits of FTY720 are mediated by its effects on EPC or other non-S1P receptor-mediated mechanisms.
Our mouse model of kidney ischemia reperfusion injury supports our in vitro data. The EPCs generated in our system are able to influence IRI. Intravenous injection of EPCs home to the ischemic kidney and integrate into the vasculature within 24 hours after insult. In these same mice, a significant reduction in 2 key markers of kidney IRI was observed, hsp70 and TLR4. 50 Thus, although there are building concepts of multiple EPC subpopulations that promote different aspects of neovascularization, 63 the population we derive from the BM under our conditions is functionally significant. Furthermore, our SK-1-KO mice, which have an inherently greater number of circulating EPCs with increased adhesion capabilities to fibronectin, also exhibited a reduction in hsp70 and TLR4 mRNA levels 24 hours after IRI. As circulating endothelial cells are thought to represent mature nondividing ECs of the vascular intima that are sloughed off after a pathologic process, one must take into consideration that the cells contributing to the recovery from kidney ischemia/reperfusion injury in SK-1-KO mice may not be solely BM derived. Alternatively, and indistinguishable in this study as our BM-derived ECs are CD146 positive, it is possible that modulation of SK-1 regulates both the angiogenic pathway (via EC survival, proliferation, and migration) and vasculogenic pathway (via EPC mobilization from the BM) for vascular repair. Nevertheless, these results support the increasing evidence for EPC transplantation to induce autocrine, paracrine, and humoral effects to abrogate IRI. 11 The use of whole-body SK-1-KO mice also begs the question of whether the IRI resolution includes additional effects (eg, IRI-induced adhesion molecule expression and leukocyte recruitment).
We have defined a novel system that not only regulates the rate and extent of EPC differentiation but also influences the function of EPCs. The dominant role of SK-1 is evidence by both genetic and pharmacologic means and provides a road map for the manipulation of EPCs in vivo.
